in either group. PFC BDNF was linearly lower from 20 to 80 years of age in nonpsychiatric comparisons. In schizophrenia, the age effect was similarly linear in younger patients but a decline did not occur in older patients. Conclusion: PFC BDNF does not follow a normative linear age effect in schizophrenia patients as they grow older, which may represent a 'floor effect' due to earlier decline or a survivor cohort of older patient donors who are less susceptible to a schizophrenia-related pathological aging process.
though BDNF is also known to be associated with many other pathophysiological processes. Our aim here was to test whether BDNF may serve as a marker to delineate the neurodegeneration across the adult lifespan of schizophrenia patients by testing the hypothesis that the agerelated BDNF decline is abnormal and contributes to the reduced BDNF in schizophrenia.
BDNF is a neurotrophin widely distributed in the adult human brain. Its effects are largely mediated by the high-affinity receptor TrkB (tropomyosin-related kinase) that promotes memory, cell survival, synaptic excitation, and neuronal plasticity [7, 8] . BDNF and TrkB play important roles in brain aging [6, 9, 10] and reduced levels of BDNF, as found in postmortem brains, are thought to contribute to age-related memory loss in early Alzheimer's disease and mild cognitive impairment [11] . In animal aging studies, old age is associated with reduced BDNF expression in the prefrontal cortex (PFC) and hippocampus [6] . Therefore, BDNF may be a useful biomarker to reexamine the putative neurodegenerative course in schizophrenia.
Prior studies indicate that BDNF is abnormally reduced in schizophrenia. We reported reduced BDNF mRNA and protein levels in the PFC of 10 schizophrenia patients compared with 10 age-matched nonpsychiatric comparisons (no overlap with the current sample) [12] , consistent with other postmortem studies [13, 14] . These findings are further supported by clinical evidence showing reduced serum BDNF in many but not all studies in schizophrenia, including reduced serum BDNF in treatment-naïve and first-episode schizophrenia patients [15] [16] [17] . However, none of the previous studies measured BDNF systematically across the full adult lifespan of schizophrenia patients, which was the primary aim of this study. Furthermore, we designed this study to compare BDNF over the adult lifespan in PFC gray matter with that in white matter because age-related variations in BDNF may be different in gray versus white matter in schizophrenia, although this has not been reported previously. We examined postmortem brains from schizophrenia patients compared with nonpsychiatric comparisons using an age-cohort design to include schizophrenia patient donors from 20 to 80 years of age. Tissues were selected using five 12-year age bins, matching patients and nonpsychiatric comparisons on gender, postmortem interval (PMI), pH, and RNA integrity number (RIN) as closely as possible within each age bin. As a result, we had well-matched casecontrol samples evenly weighted across 60 years of the adult lifespan.
Materials and Methods

Brain Tissue
Postmortem brains (n = 40), stored at − 80 ° C, were obtained from the Maryland Brain Collection (http://www.mprc.umary land.edu/mbc.asp). The brains were slowly warmed to − 20 ° C, and gray matter from the PFC and white matter at the genu of the corpus callosum were dissected. The genu was selected because it contains the primary interhemispheric white matter fiber bundle connecting the left and right PFC. The PFC was identified at the junction of Brodmann areas 9 and 10, adjacent to area 46, which is the center of the dorsolateral PFC. The genu was dissected from the dorsal curvature portion of the anterior of the corpus callosum, inferior to the anterior cingulate cortex. Visible gray matter and vascular tissues were carefully avoided or removed. Dissections were alternated between the left and right hemispheres. The specimens included 20 schizophrenia donors (10 had taken first-generation antipsychotic medications, 4 had taken second-generation antipsychotics, 5 had taken two or more antipsychotic medications, and 1 had not taken antipsychotics for 6 months or more before death). Nonpsychiatric comparison specimens were from individuals with no history of psychosis, mood disorders, drug dependence, psychiatric treatment, or hospitalization, as determined by medical examiner documentation and telephone screening of the next of kin. Specimens were selected as case-control pairs within each 'age bin' of 12 years and were frequency matched on sex, age, PMI, pH, and RIN. For example, these variables were frequency matched between patients and nonpsychiatric comparisons as closely as possible within the age bin of 20-31 years of age. We then moved the matching procedures to the next age bin of 32-43, and then 44-55, 56-67, and finally 68-80 years of age. Clinical information was obtained through family interviews, including the Structured Clinical Interview for DSM-IV Axis I Disorders (SCID-IV). Two senior psychiatrists performed best-estimate diagnoses using the Diagnostic Evaluation after Death [18] in conjunction with a review of past medical and psychiatric records. Postmortem clinical diagnoses were established according to the method developed by Roberts et al. [19] . All specimens were obtained with informed consent of the legal next of kin with approval from the University of Maryland IRB, and the study was approved by the Office of Human Subject Research, National Institutes of Health.
The tight matching, using age cohorts across a large lifespan, resulted in excellent frequency-matched samples on key tissue characteristics ( table 1 ) . For quality assessment, tissue quality depends on high tissue pH and RIN and no agonal factors [20] [21] [22] . In the 40 cases and nonpsychiatric comparisons selected for this study, causes of death included cardiovascular causes (n = 16), motor vehicle accident (n = 1) and accidental drowning (n = 3) in the nonpsychiatric comparison donors, and suicide by drowning, jumping or overdose (n = 7), cardiovascular causes (n = 11), and other causes (n = 1) in the patient donors. We matched PMI, pH and RIN between patients and nonpsychiatric comparisons ( table 1 ). pH was measured before dissection using cerebellar tissue from frozen brain; pH from each dissected tissue was not separately assayed. The tissue was homogenized for 1 min so as not to raise the temperature of the sample, and the pH probe from the Omni PCR tissue homogenizing kit (OMNI International, Kennesaw, Ga., USA) was then inserted to measure the pH. RIN was obtained from the entire Agilent electrophoretic trace with a RIN software algorithm on a scale of 1-10, with 1 40 being the lowest and 10 the highest RNA quality (Agilent Bioanalyzer 2100; Agilent Technologies, Santa Clara, Calif., USA) [23] .
BDNF Assay
Cytosolic and membrane extracts were prepared from gray and white brain tissue separately, using methods previously described [12] . Briefly, tissue was homogenized in a buffer containing 20 m M Tris-HCl (pH 7.4), 2 m M EGTA, 5 m M EDTA, 1.5 m M pepstatin, 2 m M leupeptin, 0.5 m M phenylmethylsulfonyl fluoride, 0.2 U/ml aprotinin and 2 m M dithiothreitol. The homogenate was centrifuged at 100,000 g for 60 min at 4 ° C. The resulting supernatant was the cytosolic fraction, and the pellet was resuspended in the homogenizing buffer containing 0.2% (w/v) Triton X-100. The suspension was kept at 4 ° C for 60 min with occasional stirring and then centrifuged at 100,000 g for 60 min at 4 ° C. The resulting supernatant was the membrane fraction. Overall protein concentrations of the membrane and cytosolic fractions were determined with Bio-Rad protein reagent (Bio-Rad, Hercules, Calif., USA). BDNF protein levels were measured from brain cytosolic extracts (75 μg) using an ELISA kit as suggested by the manufacturer (Neo Bio Labs, Cambridge, Mass., USA). This kit determines all the isoforms of BDNF and differentiates the BDNF isoforms. Values are expressed in picograms per milligram. More details have been described previously [12] . All assays were performed blind to diagnosis and demographic information.
Statistical Analysis
The matching of age here does not equate to a paired sample design because the aim is not to 'remove' the effect of age so that the outcome of interest between the two groups would be examined without this variable. Here, we hypothesized that the effect of age on BDNF or the underlying mechanism driving age-related changes in BDNF is different in schizophrenia patients and normal controls. Therefore, we drew samples from two independent groups of brains, structured using age bins so that each sample was distributed approximately uniformly across the full range of ages. This is a classic way to test the 'constant difference across ages' assumption: to identify the age-related trends and their differences between groups. We used an ANOVA model where tissue type (gray vs. white matter) was the repeated measure and age bin (five age cohorts) and diagnosis (schizophrenia vs. control) were the between-subject factors.
This model is based on linear distribution. Initial observation of the data suggested that the age distribution in the gray matter may not be linear. To test whether the models for linear versus quadratic age trends in BDNF in schizophrenia patients and controls were significantly different, we fitted another regression equation that included diagnosis, age, age 2 , and their interaction terms. Diagnosis was coded as -1 and 1 in the model so that we could directly compare the age-related coefficients between the groups. The model would also test whether there were group differences between linear and quadratic age terms. Significant tests of main effect or interaction were followed by post hoc tests.
Results
The ANOVA showed no significant effect of diagnosis (F 1, 30 = 1.14, p = 0.29) but a significant main effect of age (F 4, 30 = 5.29, p = 0.002), a significant age × loca- 14, p = 0.086). There was no significant location × diagnosis × age interaction (p = 0.72). The significant age × location interaction was examined by Pearson's correlation in each location. BDNF levels had a significant age effect in gray matter (r = -0.82, p < 0.001 and r = -0.58, p = 0.01 in controls and patients, respectively), which remained significant after Bonferroni correction for four tests (p < 0.012), but not in white matter (r = 0.05, p = 0.82 and r = 0.13, p = 0.57 in controls and patients, respectively; fig. 1 ). Therefore, the primary findings were the following: (1) a robust, gray matter-specific, linear age effect of BDNF protein level in normal nonpsychiatric comparisons from age 20 all the way to 80 years and (2) a similar but less robust linear age effect in schizophrenia patients. Further exploration of the data suggested that the relationship between the dorsolateral PFC BDNF and age might have two trends depending on younger versus older age rather than quadratic in schizophrenia patients ( fig. 2 ) . We explored this post hoc hypothesis by dividing the groups into two 30-year cohorts: 20-50 and 50-80 years of age. In the younger age cohort of 20-50 years, PFC BDNF levels became lower with age similarly in nonpsychiatric comparisons and patients ( fig. 2 ) . A comparison of their slopes [24] revealed no statistical difference (p = 0.93). In this age range, patients showed a trend of reduced PFC BDNF compared with nonpsychiatric comparisons (F = 2.81, d.f. = 19, p = 0.12). In the older age cohort of 50-80 years, PFC BDNF levels declined in nonpsychiatric comparisons but not in patients, and the slopes were significantly different (p = 0.038). There was no significant group difference in PFC BDNF in this age range (p = 0.90).
For white matter BDNF, there was no significant correlation between the BDNF level and age in nonpsychiatric comparisons (r = 0.05, p = 0.82) or schizophrenia patients (r = 0.13, p = 0.57) and thus no evidence of a significant age-related decline in BDNF in either group in the genu of corpus callosum.
Compared with all nonpsychiatric controls, BDNF protein levels were lower in the dorsolateral PFC of Concerning potential confounds by differences of PMI, pH or RIN in BDNF levels, we found that PMI was significantly correlated with PFC BDNF level (r = 0.47, p = 0.04) in the nonpsychiatric controls. Note that this was in the positive direction and was not significant with correction of six correlation analyses. Other than this, we found no other significant correlation between PMI, pH or RIN and BDNF at the PFC or genu in either nonpsychiatric controls or patients (all r < 0.39, all p > 0.09). Incidentally, older age was associated with shorter PMI (r = -0.44, p = 0.004) although older age was not significantly associated with pH (r = 0.23, p = 0.15) or RIN (r = -0.10, p = 0.59) in this sample.
Discussion
This study examined BDNF levels across a large span of adult life from 20 to 80 years of age in the postmortem PFC and white matter genu, and tested whether BDNF may serve as a biomarker for the putative neurodegenerative course of schizophrenia. We found a statistically significant age effect of BDNF in both nonpsychiatric controls and schizophrenia patients in the PFC but not in the genu. These aging trends appeared convincing because they were observed in nonpsychiatric comparisons and in patients -two independent samples. One difference was that the age effect of BDNF in the PFC followed a relatively continuous, linear decline from age 20 to 80 in the nonpsychiatric controls, while in schizophrenia patients we observed a bimodal relationship -a similar linear decline in younger age, but no further decline in the older-age patients.
Several mechanisms may explain the lack of further reduction of PFC BDNF in older-age schizophrenia patients. Firstly, because patients showed a trend of reduced PFC BDNF compared with nonpsychiatric comparisons in younger age while the slope was similar to that of the nonpsychiatric comparisons, BDNF levels of the patients could have reached a 'floor effect' sooner, which could explain the lack of further decline in the older-age patients.
Secondly, medication may have played a role. We previously reported that the antipsychotic medication clozapine increased BDNF in the rat brain [25] . This observation is replicated in both animals and humans using different antipsychotic medications [26] [27] [28] . Further, the current sample consisted of mostly male patients and the BDNF elevating effect of antipsychotic medication could be more robust in male patients [29] . The older the age, the more likely the patients were to have received antipsychotics for a longer time period and thus the more dampened the decline of BDNF. However, because the normal course of BDNF could be an age-related decline, it may be difficult to imagine that antipsychotic medication could not only reverse the reduced BDNF in patients but also halt the normative BDNF decline. Definitive testing of this hypothesis may require comparing postmortem tissue samples of older schizophrenia patient donors who are treatment naïve with nondonors who are on antipsychotic medication; tissue from either would be difficult to acquire.
Thirdly, aging in schizophrenia itself could lessen the impact of the disease, such that BDNF decline may slow down as patients grow older. A similar proposition has been suggested based on some limited clinical evidence [5] . However, because normal aging may be associated with a linear BDNF decline, a lack of decline does not seem consistent with the 'normalization' argument.
Fourthly, a survivor effect may be the most likely explanation. Because the lifespan of schizophrenia patients is about 20 years shorter than the general population [30] [31] [32] [33] , patients who survive into older age to donate their brains are more likely to be individuals who possess protective mechanisms such as a reduced age-related decline in BDNF, which is not shared by earlier-dying patients. Such a hypothetical survivor effect would be more prominent as a donor's age increases. Interestingly, this interpretation implies that there may be an abnormal brain aging process in schizophrenia patients and that the BDNF level could be a 'protective biomarker' for the minority of schizophrenia patients who survive into old age. Support for the survivor effect explanation can be found in contrasting results from BDNF studies in patients with major depressive disorder (MDD). In a postmortem study of a similar sample size of 21 MDD patients and 21 controls across an age range of 16-74 years, BDNF gene expression showed consistent age-related declines. However, MDD patients had a steeper decline compared with controls [34] , which is in contrast to our finding in schizophrenia. Note that after accounting for suicide, older MDD patients have normal life expectancy [35] . Therefore, in a psychiatric illness with normal life expectancy (excluding suicide), the brain BDNF level followed the same or even a steeper trend of normative age-related decline. However, in schizophrenia, with a shorter life expectancy even after excluding suicide, the BDNF level did not show a normative decline. This comparison with MDD further suggests that the blunted or halted normal decline of BDNF in the PFC of older schizophrenia patients may not be a disease effect but rather a bias from donor cohorts who are 'survived' patients and/or a possible alteration by history of antipsychotic medication treatment.
BDNF in the genu white matter did not have a significant age effect in either nonpsychiatric comparisons or patients, in contrast with the strong age effects in the gray matter. It is unclear whether this is similar in other white matter areas of the brain. One study found a negative relation between plasma BDNF and white matter integrity on MRI in older adults, and suggested that plasma BDNF levels reflect repair mechanisms of deteriorating white matter associated with aging [36] . Also consistent with this is an animal model of stroke that found elevated BDNF in white matter, suggesting that glial-mediated repair activity could mask an age-related decline of BDNF in white matter [37] . A repair-induced BDNF increase in white matter could confound an underlying age-related decline. However, given that we are unaware of other reports of an aging effect of BDNF in human white matter, and given the small sample in this study, a negative finding requires replication. Indeed, the results are based on a small sample and are preliminary. The lack of significantly reduced BDNF in schizophrenia PFC could also be due to the small sample, although a trend of reduced BDNF was observed ( fig. 2 ) . The finding of a slightly higher BDNF concentration in white matter was surprising, although again with a small sample size this must be retested. The study was designed to examine aging trends by including extreme age ranges, which could have reduced the robustness of group differences.
This study should also be viewed in light of the many limitations commonly associated with postmortem brain tissue, including differences in cause of death and some death-related processes not controlled by PMI, pH or RIN. We found no obvious relationship between causes of death and age or group differences in BDNF (data not shown). Another important limitation is using cross-sectional postmortem tissue data to study aging processes. Using cross-sectional data to infer longitudinal changes has significant limitations [38] and confirmation of our findings requires an alternative, longitudinal design [39] , for example longitudinal animal studies. In this regard, longitudinal studies in animals support our BDNF aging trajectory observed in nonpsychiatric controls [6] . We did not measure receptor proteins in peripheral and brain tissue and test whether they follow the same age effect as the BDNF protein, which could be an interesting follow-up study given our initial finding on BDNF protein. Finally, imaging studies have frequently reported abnormal age-related gray and/or white matter declines in schizophrenia. It would be important to understand whether the age effect of BDNF plays a role in the different rates of gray and white matter decline with age between schizophrenia patients and healthy controls.
In conclusion, the answer to the question of whether BDNF can serve as a marker to delineate the neurodegeneration, or the lack thereof, across the adult lifespan of schizophrenia patients is complex but also revealing. BDNF in the PFC of older schizophrenia patients did not follow the normative linear decline. This blunting of the normative decline could be due to an early PFC BDNF decline or it could be a survivor cohort effect, both of which may be mechanisms indirectly supporting an abnormal brain aging process in some schizophrenia patients.
